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PREFACE

This problem definition study was completed as the result of an
intensive effort by a team organized at the US Army Medical Bioengineer-
ing Research and Development Laboratory (USAMBRDL). The team consisted
of members of the professional staff of the Environmental Protection
Research Division (EPRD), USAMBRDL, and professional consultants from
Walden Research Division (WRD) of Abcor, Incorporated. Individuals
whose professional expertise contributed significantly to the comple-
tion of this report are listed as contributors. Individuals who had
primary responsibility for both the management of the team effort and
the principal editing of this report are listed as editors.

The editors and contributors acknowledge the following individuals
who supported this effort and made the preparation and publication of
this report possibie: LTC L.H. Reuter, Chief, EPRD, USAMBRDL; MAJ C.A.
Sorber, former Chief of the Environmental Quality Division, USAMBRDL;
Mr. K.W. Ferree, Mr. R.C. Kahn, and SP5 W.F. Randall, technical informa-
tion specialists, EPRD, USAMBRDL; Mr. D. Grant, technical information
specialist, WRD; CPT D.E. Shackelford, SGM C.D. Burns, Mrs. J.M. Arkins,
Mr. J.D. Roll, and Mrs. E.M. Snyder of the Administrative Support
Division, USAMBRDL; Mrs. G.J. Crowl, Mrs. M.F. Bostian, Mrs. P.A. Sowis,
Mrs. C.R. Cevario, and Mrs. K.L. Narrell of EPRD, USAMBRDL; Mrs. D. Ranum
and Mrs. L. Deem, WRD; Dr. R.S. Valentine, Mr. R.E. Snyder, and Ms. M.
Tonkin of Atlantic Research Corporation; and Mr. L.L. Ware, Jr., and
Ms. D.C. Daymont of the Scientific and Technical Information Office,
US Army Medical Research & Development Command.
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INTRODUCTION

An earlier report (1) assessed the toxicology and ecological hazards
of the following 16 substances that were identified as potential environ-
mental pollutants at Rocky Mountain Arsenal (RMA): mustard gas, thio-
diglycol, Tewisite, lewisite oxide, methylphosphonic acid, isopropy]l
methylphosphonate, diisopropyl methylphosphonate, chiorate salts, wheat
rust, inorganic arsenic compounds, mercury and its salts, dicyclopenta-
diene, aldrin, dieldrin, chlordane, and endrin. That assessment included
a discussion of the occurrence of these substances at RMA and their
anticipated behavior in that milieu; the development of a rationale for
the calculation of preliminary Soil Pollutant Limit Values (SPLV's) for
those substances about which sufficient information was available; and
the identification of information voids and recommendations for research
to supply information needed to adequately assess adverse health and
environmental effects. The basis for studying these particular sub-
stances, the organization of the technical and professional personnel
who conducted the study, the manual and computerized literature searches
conducted, and the information handling system that was used are detailed
in that earlier report.

0BJECTIVE

The objective of this report is to provide a data base of physical,
chemical, toxicological, and tiological properties of the 16 potential
environmental pollutants that were addressed in the earlier report (1).

-
vy

SUMMARY OF FINDINGS

The findings from this study are presented in detail for each
pollutant substance in Appendixes A through M. Pertinent information
concerning physical/chemical properties, analytical methods, mammalian
toxicology, ecological considerations, and existing standards has been
extracted from the appendixes and is summarized in Tables 1-6.

Table 1 groups the pollutants according to volatility, water
solubility, and potential for waterborne movement through soil. Pre-
dictions of waterborne movement are based on available information
concerning solubility and chemical stability in water. Selected
physical properties of the pollutant substances are summarized in
Table 2.
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The summary of analytical methods (Table 3) is not exhaustive or
definitive. Analytical laboratories tend to use standard procedures
and available instrumentation. Generally, gas chromatography with
suitably specific and sensitive detectors can 2 uses for mustard
gas, thiodiglycol (low sensitivity), lewisite, diisopropyl methyl-
phosphonate, aldrin, dieldrin, chlordane and endrin. Conversion to
appropriate derivatives should permit gas chromatographic analysis of
lewisite oxide, isopropyl methylphosphonate, and methylphosphonic acid.
Arsenic and mercury can be determined by flameless atomic absorption or
neutron activation analysis (methods presumably adaptable to Tewisite
and lewisite oxide); there are also sensitive chemical methods available
for arsenic and mercury. Chlorate ion is unique in that only chemical
(colorimetric) methods are suitable for its analysis; care must be taken
to rule out other oxidants with similar effects on the colorimetric
reagents.,

The important mammalian toxicological properties of each pollutant
substance are summarized in Table 4.

Ecological considerations for each pollutant substance are summarized
in Table 5 according to various animal groups, microorganisms, plasts,
and food chain effects. Where these categories are not included in the
summaries, ecological effects were not found in the literature.

Standards pertaining to Allowable Daily Intake (ADI), Maximum Con-
taminant Levels (MCL), and Threshold Limit Vaiues (TLV) for the pollut-
ant substances are summarized in Table 6. Detailed information concern-
ing the status of these values, or qualifications placed on them, are
presented in the footnotes to Table 6, and the supporting references,
and are not repeated here.
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TABLE 1. SULARY OF POLLUTANTS GROUPED ACCORDING TO VOLATILITY, WATER
SOLURILITY, AND POTENTIAL FOR WATERBORNE MOVEMENT THRQUGH SOILa

Volatility

tssentially non-volatile: Salts of arsenic; salts of mercury; chlor-
ate ion; isopropyl methylphosphonate ion;
methylphosphonate ion; oxides of arsenic
and mercury; lewisite oxide (polymer form)

Very low volatility: Thiodiglycol; monomers of lewisite oxide;
some arscnic and mercury compounds; aldrin;
dieldrin; chlordane; endrin; methylphos-
phonic acid; isopropyl methyliphosphonate;
diisopropyl methylphosphonate

Low vo1ati1ity:b Mustard gas; lewisite; dicyclopentadiene;
metallic mercury
Moderate to high volatility: Alkylated forms of mercury and arsenic;
arsine
Solubility in Water
Very low solubility: Oxides and some salts of arsenic and
(<200 ppm) mercury; aldrin; dieldrin; chlordane; endrin

Solubility with decomposition: Mustard gas (slow) and Tewisite (fast)

STight solubility: Lewisite oxide; diisopropyl methylphos-
(200-20,000 ppm{ phonate; some arsenic and mercury salts

Moderate to high solubility: Methylphosphonic acid and its salts;
isopropy! methylphosphonate and its salts;
some chlorate, arsenic, and mercury salts

Waterborne Movement Through Soil

Very low mobility: Aldrin; dieldrin; chlordane; endrin; mustard
as (owing to decomposition); lewisite
?owing to decomposition); some forms of
mercury, arsenic, and lewisite oxide

Low to moderate mobility: Some forms of lewisite oxide, mercury and
arsenic; dicyclopentadiene; diisopropyl
methylphosphonate

High mobitity: Thiodiglycol; methylphosphonic acid and its

salts; isopropyl methylphosphonate and its
salts; chlorate salts; some forms of
mercury and arsenic

a. Wheat rust 1s not included In this summary.
b. Low voiatility significant under certain circumstances.

7




"2 3JUBUTSI4 WOJAY BDUIUIJUL Ag

‘PS}BWLIS3 aNn[eA -

"UdJ4e8s 24NIPUBIL{ SLYJ UL PaUiuMIIBP J0U SEN{RA
"AJRWNS SLYJ UL PIPN[DUL 30U SL 3SNA IRAYM -

2
p
‘punodwod Jtjioads uyiLm AupA saniep -3
q
e

wdd ¢z°Q 59" L Q" p5€2 uLapu3
Judd 0> 9" 1 w Z/6/1 Q" 3uRpJOL YD
wdd 610 Q" Q" i1 ULap|3Lg
wdd £20°0 Q" o ¥01 Utdply
vEQa ot 86°0 9° 991 6 2¢ 3uaLpeluado |24
-- -- -- -- ux;:uLms
-- -- -- -- JItussay
3Lqnyios -- -- S3[BeS pL|OS ,S31®s 33ru0iy)
a3euc jdsoyd
%2°0-1"0 86°0 vl pinbL] (Ayzsuw (Adoudosiig
SLSA|04pAY s3euoydsoyd
Mo|s Ausn fybLy A|qeqoud Lt uw 807 0/86 pinbi] -{Ay3aw {Adoados]
ybLH q " q " L0t pLo® Jtuoydsoyd[Ay3sy
%1 q " q " (4awhiod) oyt 3pLX0 3JLSLm3T]
3pLXO
23LSLM3| 03 SLSA[OoUpAy 3uelsuj g8t 0.1 271~ 33LSLMaT
33 LULjul 221 Wl 0Z/%91 oL- (024 BipoLyy
{0oAbLpoLys
03 51SALo4pAY pided yiim %1°0 (21 822 vl seb puejsny
(saniep [edLdAl) (/o) (Je) (o) 1ue3n|od
J83eM ui A31iLgniog A3tsuaq jutog buritog juiog Butiiay

pSINVLNTI0d 40 S3T1¥34044

TWIISAHd G3LI373S 40 AYUWWNS

¢ 13

M} SUTRRNTTE PR Tt

g,




FARLE 3.0 SUMMARY OF ANALYTICAE METHODS MOST APPLICABLE
TO CHEMICAL POLLUTANTS#

Analytical Preferred Mathods

e e e @y pr o v e ccmmsee e S s eneas 40 e et

Pollutant,

Mustard gas Gas chromatography with electron capture detector
(FID detector has been used); 4-(p-nitrobenzyl)
pyriding colarimetric test

Hhiiodiylycod Gas chromatography with FID detector or flanme
photometvic sulfur detector
owls it Atomic absorption; gas chromatography; Gutzeit
test via arsine
Lewis ite oxide Atomic absorption; gas chromatography (after
devivatization); Gutzeit test via arsine
Mathylphosphonic acid Gas chromatography after esterification; paper
chromatography; electrophoresis
[sopropyl methyl- Gas chromatography (preferably after
phosphonate esterificat10n§
Diisopropyl methyl- Gas chromatography with flame photometric
phosphonate phosphorus detector
Chlorate salts Colorimetry b ased on oxidation of organic
compounds at low pH; thin-layer or paper
chromatography
Arsenic Flameless atomic absorption; neutron activation;

colorimetry (arsenomolybdate or siiver
diethyldithiocarbamate methods); Gutzeit
tast via arsine

Mercury UV absorption of metallic Hg vapors; flameless
atomic absorption; neutron activation;
colorimetry (dithizone)

Aldrin, dieldrin, Gas chromatography with electron capture or
chlardane, endrin microcoulometric detectors

a. Wheat rust is 1ot included in this summary; see Appendix G for
analytical methods.




TABLE 4. SUMMARY OF TOXICOLOGICAL PROPERTIES OF POLLUTANTS

Pollutant Toxicological Properties

Mustard gas Highly irritant; skin sensitizer; mutagenic;
carcinogenic to animals and wman

Thiodigliycol Acute toxicity 4 to 6.6 g/kg; toxicity presumed
similar to glycols; toxicology otherwise
unknown

Lewisite/lewisite oxide Highly irritating; decomposition products pre-

sumed similar in toxicity to arsenic compounds;
toxicelogy otherwise unknown

Methylphosphonic acid Toxicology unknown
Isopropyl methyl- Toxicology unknown
phosphonate
DIMP Rabbit i.v. LDgy 224 mg/kg; not a skin irri-

tant; toxicology otherwise unknown

Dicyclopentadiene Mildly irritant in animals; moderately toxic
by inhalation to animals; carcinogenicity
test (intramuscular in rats) negative;
toxicology otherwise unknown

Chlorate salts Lethal dose to man is 5-30 gm; severe hemolytic
anemia in dogs fed 200 mg/kg/day; toxicology
otherwise unknown

Wheat rust Toxicology unknown

Arsenic compounds Skin disorders; abri.vmal pigmentation;
carcinogenic in man; possibie teratogen in
animals; lethal in small single doses

Mercury compounds Neuro toxic; mild skin sensitizer; mutagenic;
teratogenic in animals and man; postnatal
development abnormalities in animals and
man; repeated low level exposure is highly
toxic in man

Aldrin/dieldrin Single lethal dose in man i$ ~ 5 grams; repeated
doses of 0.5 mg/man/day no effect; carcinogenic
in mice; not in rats; possibly teratogenic in
animals; mutagenicity not demonstrated

10
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TABLE & {cont'd)

Pollutant Toxicological Properties

Endrin Toxic to man at 0.3-3 grams; highly toxic in
single doses in animals; carcinogenicity
hazard uncertain, but so far negative; accumu-
lation in fat not significant; possibly
teratogenic in animals

Chlordane Single lethal dose in man is ~ 5 grams;

4

industrial human exposure had no appreciable
effect; carcinogenic in mice, not in other
species; accumulation in fat not significant
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TABLE 6. SUMMARY OF EXISTING STANDARDS FOR POLLUTANTS

Maximum Threshold
Allowable Contaminant Limit
Daily Intake Level (MCL) Value
(ADI) in Water (TLV
Pollutant (mg/kg/day) (mg/1) (mg/m3)
Mustard gas - -- 4x1073 3
Thiodiglycol -- -- 2.5x10% K
Lewisite/lewisite -- 2f --
oxided
Chlorate salts Noneb - -
Arsenic compounds 5x1072 € 5x1072 9 5x107 " |
Mercury compounds 7.1x10:2 d 2x1673 9 SXIO:S 1
4.7x10 1x10
(methyl Hg) (alky? Hg)
DCPD - . 23 1
Aldrin 1x107% € 1x1073 9 2.5x1071
Chlordane 1x10’3 & 3x10'3 h 5x10“] !
Dieldrin 1x1074 © 1x1073 “2.5x1071 ]
Endrin 2x10"4 ¢ 2x10~4 g 1x10’] 1

See following page for footnotes.
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FOOTNOTES FOR TABLE 6

Lewisite is rapidly converted to lewisite oxide upon exposure to

environmental moisture; values for Tewisite are considered as

applying to lewisite oxide also.

Potassium chlorate is regarded as too toxic to allow its use as a
food additive {reference 3).

See reference 4.

Weekly values cited in reference 5 were divided by seven, These are
“provisional tolerable weekly uptake" values.

See reference 6.

A personal communication concerning reference 7 indicates that the
value is in terms of arsenic, and is restricted to 1 week of such
supply under emergency battlefield conditions.

These are maximum contaminant levels (MCL's) values for arsenic,
mercury and endrin in drinking water (reference 8).

This i5 a proposed value for chlordane and is still under review
by the USEPA (reference 9).

These are proposed values for aldrin and dieldrin in raw water
as recommended by the National Academy of Sciences, and are still
under review by the USEPA (reference 10).

The sulfur mustard (mustard gas) data were incorrectly summarized
in reference 11; they have been corrected here.

Estimated value (see reference 1).

Except for arsenic, other values are for skin adsorption exposure
(reference 12).
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APPENDIX A
MUSTARD GAS/THIODIGLYCOL
Mustard gas undergoes hydrolysis to thiodiglycol. Hence, these two
compounds are discussed together in this appendix.

ALTERNATIVE NAMES

MUSTARD GAS: Sulfur mustard; mustard; Levinstein mustard; ethane,
1,1'-thiobis(2-chioro)- (Chem. Abstr. after 1971); sulfide, bis(2-chloro-
ethyl) (Chem. Abstr. through 1971); ypevrite.

THIODIGLYCOL: Ethanol, 2,2'-thiodi- (Chem. Abstr. 1937-1971);

bis (B-hydroxyethyl) sulfide; bis(2-hydroxyethyl sulfide); 8 8'-dihydroxy-
diethyl sulfide; 8, 8'-dihydroxyethyl sulfide; g-hydroxyethyl sulfide;
Kromfax solvent; 2,2'-thiodiethanol; thiodiethylene glycol; B-thiodiglycol;
ethanol, 2,2'-thiobis- (Chem. Abstr., before 1937 and after 1971).

PHYSICAL AND CHEMICAL PROPERTIES

MUSTARD GAS:

CAS Reg. No. 505-60-2

Defense Department symbols: H, HD
Toxic Substances List: KI92750
tdgewood Arsenal Number: EA 229
Wiswesser Line Notation: G2S2G
Motecular formula: CgqHgCl1,S

Structural formuia: C1-CHpCHy~S-CHpCH,-Cl

THIODIGLYCOL :

CAS Reg. No. 111-48-8

Toxic Substances List: KM29750
Edgewood Arsenal Number: EA 1019
Wicwesser Line Notation: Q252Q
Molecular formula: CgqHy40,5

Structural formula: HOCH,CH»~S-CH,CH,0H

A-1
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Mustard qas was first synthesiyed by the physician Francals Despretz
(V) tn 108225 however, {ts toxicity was not discovered until 1860 through
the independent observations of A, Neimann (2) and ', G. Guthrie (3). Its
tirst miditavy use, by Germany in World War 1 at Ypres (June 1917), caused
mass casvalties (4). The Allied powers adopted this chemical agent and
produced 1t efficiently in lavrge amounts, so that it became the principal
toxte agent in the last yeer of the War. The Italians used mustard gas in
their campalgn against Ethiopia in the 1930's (3). but the agent was rot
vimployed In World Wav 1.

Three processes have been used Yn the wanufacture of mustard gas:
8. V. Meyer process, used by the Germans (b, 6):

”

, 2HC1
? CICN?CH20H + Nqu -+ S(?HQCHZOH)z —— S(CHZCH2C1)2 + 2H20
b. LlLevinstein process (5, 7):

4 CH2 :::CHQ + S2C12~--*> S(CHZCH2C1)2 + S5

c. Most recent American process (8, 9):

Z2HCY

2 CHz CHy + HyS + S(CHLCH,0H), === S(CHLCHACT), + 2 HyO

0 2
The Levinstein process. which was used for some time by the British

and Americans, produces a complex mixture that includes some constituents

more toxic than mustard gas itseif (10, 11). Part of the sulfur formed

in the Levinstein process reaction is not the free element, but is combined

in various bis-(2-chlorcethyl) polysuifides.

Mustard gas can be generated rapidiy for small-scale use through the
reaction of either boron trichloride or concentrated hydrochloric acid
with thiodiglycol (12).

Some of the physical properties of mustard gas and thiodigiycol ave .
sunmarized in Table A-1.

The following properties of mustard gas and (for the most part) of
thiodiglycol at 20° (or 25%), along with some equations for temperature
dependence, have been listed by Moelwyn-Hughes (16): Density, refractive
tndex, molar refraction, viscosity, surface tension, pavachor, vapor
pressure, ebullioscopic constant, cryoscopic constant, freezing point,
latent heat of vaporization, and specific heat.




TABLE A-1. Selected Physical Properties of Mustard Gas and

Thiodiglycol

Mustard Gas (13) Thiodiglycol {14)
Moiecular weight 159.08 122.19
Melting point, °C 14.4 -10
Boiling point, °C 228 164 (20 mm Hg)
Flash point, °C 105 -
Vapor pressure (20°C), mm Hg 0.72 -
Heat of vaporization, Kcal/mol 15.0 --
Heat of fusion, Kcal/mol 4.3 -
Heat of combustion, Kcal/mol 708 --
Heat of formation, Kcal/mol 32 -
Viscesity (20°C), poise 0.046 -
Liquid density {20°C), g/cc 1.27 1.22
Specific heat, liquid, cal/g-°C 0.330 v

An empirical-vapor pressure - temperature relation for mustard gas
was reported in 1932 by Mumford, et al. (16) as: Log P(mm Hg) =
8.3937 - 2734.5/T(%K), while in a 1948 article by Redemann, et al. (17),
the equation Log P (mm Hg) = 9.31768 - 3062.5/T(0K) was given. TInforma-
tion is available on the compressibility of mustard gas and the change of
melting peint with pressure (18). The thermal decomposition of mustard
gas has been studied, with products identified (19) and disappearance
rates determined (13).

Mustard gas has a solubility in water of about 0.07% (20, 21}, and
with temperature increases slightly fn solubility (22) - i.e., 0.075% at

o .
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10° and 15°, 0.081% at 20° and 0.104% at 30°. From the follewing equation
(23), one can calculate the solution rate of mustard gas in distilled
water:

5 = 233.7 X e "12,350/RT

Thus, at 10°C, the rate is calculated at 6.77 X 1078 g em? sec”l,

Because of the very slow rate of solution of mustard gas in water, this
compound is difficult to decontaminate by hydrolysis despite the rela-
tively high reaction rate constants involved in hydrolysis (see below).
Various aqueous organic solvents dissolve mustard to a considerable
extent (24). The miscibility of mustard gas with various crganic sol-
vents has been determined (2{. Thiodiglyco! is considered infinitely
water soluble (14).

Mustard gas readily undergoes both hydrolysis and oxidation. The
hydrolysis involves several pathways (25, 26), as illustrated in Figure
A-1. The top row reactions normally occur when mustard hydrolyzes in
the presence of large amounts of water, whereas conditions involving
relatively small quantities of water give rise to intermediates such
as I1. 1IT and IV, which are rather toxic. Some rate studies covered
a wide range of temperatures (20, 22, 27).

Very careful work by Bartlett and Swain {28) established values at
25°C of k] = 0.155 min-! and ky' = 0.267 min~ (See Figure A-2). Al-
though values of &y, ky» k-1, k_1, kp and ko' cannot be determined, it is
possible to measure competition factors, i.e., kp/k, = Fx~. A nucleo-
philic reagent, X, with a high competition factor causes the product
CICHpCH,S-CHoCH, X to be formed in preference to C1CH)CH,S-CHpCHH0H
althoug% the ra%e of disappearance of mustard gas is nogmal1y not.
affected. If the competitor is C1~ (Figure A-2), the overall result is
to slow the observed rate of mustard gas decomposition; that is, mustard
gas is formed again by back reaction of the cyclic intermediate with
chloride ion. Here,

Hydrolysis rate in presence of C1~ 1

e 4rre v —— " S — — o - i w aseem e =

Hyd?olysis rate in water 1+ Feq- [ci7]

Thus, the hydrolysis of mustard gas at 25°C is calculated to be 2.5
times as fast in fresh water as in sea water {29). Competition factors
for a large number of nucleophiles are available (26, 37),

The normal hydrolysis reaction involves nucleophilic displacement
of chioride ion through a first-order process, as described above, but
a second-order beta-elimination of hydrogen chloride can take place in
appropriate solvents, at high concentrations of hydroxy! ion, to give
first chloroethyl vinyl sulfide (31), and then divinyl sulfide (31, 32
33), a(pr?duct devoid of vesicant properties (32) but still somewhat
toxic (31).

A-4
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Y CHZCHZC¥ CHZCHZCI. CHZCHZOH

// +H,0 +H,0
S P s s = S
\\ HCY \\ HC1 \\
g . CHZCH2C1 CHZCHZOH CHZCHon
) (1y
+ Thiodiqlycol + Thiodiglycol
€1~ CH,CH,OH €1”  CH,CH,0H
i/ 272 + 22
! CH2CHZS\\ + HZO //CHZCHZS
o~ S CH,CH,OH S CH,CH,O0H
Ao 272 2772
AN AN
CHZCHZC1 CHZCHZOH
(111)

(11) + Thiodigliycol

\ / a0
\ 1™ CH,CH,OH
+ -

CHpCHyS ——  CHaCHOH
S
a1 CHZCHZOH
(1v)

FIGURE A-1., Hydrolysis Pathways of Mustard Gas
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Exposure of mustard gas in aqueous solution to such oxidants as
hypochlorites, chlorine water, nzone and hydrogen peroxide causes oxida-
tion to the slightly toxic sulfoxide, which is extremely stable to

hydrolysis, and then to the sulfone, which is slightly toxic but vesi-
cant (34).

0
“ [0] 1 [0 1
C!CHZLH2~S-CH2CHZCI-——-® CICHZCHZ—S-CHZCHZCI'-——>CICHZCH2~S-CHZCH2C1
¥ |
0
Mustard gas Mustard Sulfoxide Mustard Suifone

Apparently the rate of oxidation with hypochlorite increases as
oxidation proceeds, so that oxidation products past the sulifone are
readily formed {35); reaction rates increase as the pH drops. The sul-

foxide and sulfone oxication products of thiodigiycol are considered non-
toxic (34).

The sulfone, in weakly alkaiine solution is dehydrochlorinated to
divinyl sulfone, which is highly toxic intramuscularly, and extremely

ggchry?atory, but innocuous by ingestion at a concentration of 100 mg/1
» 34):

0 0
1 oK T -
C]CHZCHzii'CHBCHZC]-—~“-%> CH2=CH2~3-LH2=CH2 + 20
0 0
Mustard Sulfone Divinyl Sulfone

Mustard gas is decontaminated by means of extensive oxidation or by
dehydrochlorination. In practice, oxidation always involves some form of
active chlorine. Examples include hypochlorite salts, such as chlorinated
lime slurries (36, 37, 38, 39, 40, 41, 42) and N-chlorcamides (36, 37, 39, 42).
Other reactive oxidants are concentrated or fuming nitric acid, potassium
permanganate and chromic acid (2); ceric sulfate and several peroxymetallic
acids or salts, notably peroxytitanyl nitrate, are effective decontaminants .
(43), as 1s hydrogen peroxide (44). Two decontaminating solutions containing :
amines and alkali metal hydroxides, namely DS-2 and CD-1, dehydrochlorinate

25 So 2
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mustard gas to divinyl sulfide, and the reactior kinetics of these formu-
lations with the toxic agent have been studied in detail (45).

The chief biochemical (i.e., toxic) effects exerted by mustard gas are
ascribed to chromosome injuries (i.e., mutagenic effects) brought about
through modifying or cross-linking of the nuclefc acid purines guanine and
aderine (36, 46). An example is the cross-linking of guanine moieties {36):

CH,-CH: S - CH,-CH
OH | 2 2 2 i 2 OH
Y/, X -
NHQ’W SN N N)“NHZ

For further discussion of mutagenicity, see "HUMAN TOXICOLOGY, Fxperimental
Animale. " ,

Mustard gas shows 1ts strongest antienzymic activity against hexokinase
which regulates carbohydrate metabolism, and a weak anticholinesterase
action (36).

ANALYTICAL METHODS

Mustard is not normally found in aqueous solution because it is so easily
hydrolyzed. This fact minimizes the need for detection or analysis of
mustard in water, and makes research on such methods difficult.

Detection in air often takes the form of drawing relatively large
volumes of air through small tubes or over paper containing silica gel
impregnated with a suitable reagent. These reagents include chlorauric
acid {HAuCl,), (47, 48), platinum chloride, pailadium chloride or cuprous
chloride (dg), or 4-(p-nitrobenzyl)pyridine with suitable metal salts
(49, 50, 51, 52). The sensitivities of these tests vary somewhat, about
10 ug of mustard gas being detesctable with chlorauric acid and about 0.5
ug by the 4-(p-nitrobenzyl)pyridine test.

The detection of mustard gas by the latter test is based on two
reaction steps. In step one, the mustard gas. as represented by RX and
preferably at 100°, reacts as an alkylating agent with 4-(p-nitrobenzy?)
pyridine: -

1009 +
o Oy m T e Dy P




In step two, the addition of an alkaline sclution immediately produces
an intensely blue-colored dyestuff.

=\
8 N ~®mz 7 VAR X+ NaOH— ozuﬁ@cn{/rm + NaX + H,0

In other tests, contaminated air is bubbled through solutions of the
reagents, for example 2,6-dichlorophenol-indophenol (53), sodium
fodoplatinate without or with starch (49, 54, 55, 56), copper sulfate-
sodium fodide (36), and two-step color formation with thiourea and nickel
saltc (57). These are, in general, less sensitive than the test with 4-(p-
nitrobenzyl)pyridine.

Thin-layer chromatography on silica gel G has been used to separate
and identify mustard gas, its monohydrolysis product (CYCH,CH ~5-CHyCH,0H)
and thiodiglycol (58). The solvent is chioroform-acetone {50/40), and
the R¢ values are 0.80, 0.60 and 0.33, respectively.

A variety of titrimetric methods have been used in the past for the
qualitative analysis of mustard gas, but are now mainly of historical
interest. One of these is the reaction with a known amount of thiosulfate
ion to displace -C1 with -SS0,;7; the latter group is not reactive with
trifodide ion, which is used to titrate excess thiosulfate.

Oxidative titrations, employing dichloramine-T (59), chloramine-T
(60}, bromine (60), or iodate (60), are equally applicable to mustard
and thiodiglycol.

Colorimetric or spectrophotometric determinations of mustard gas have
been somewhat more useful. 8-Quinclinocl forms a color suited to such
determinations (61). The iodoplatinate reaction (60), sensitive to about
5 ug when starch is added, ‘s believed to invoive mainly the following
general reaction:

= - ++
PtI6 + 4 R,S+ 417 ¢+ 12 + Pt(RZS)4

2

The 4-(p-nitrobenzyl)pyridine test described above, used colorimetrically,
is by far the most sensitive wet test, applicable down to 0.8 ug/1 in 6.5 ml
of sample (13, 62, 63). An improved bubbler for air sampling has been
described in connection with this reaction (64).

Gas-Yiquid chromatography, by direct air-sample injection or by use
of bubblers or extraction (for sofl or vegetation) for sampling is today
the method of choice for low-level analysis of mustard gas. Thus, samples
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containing 0.16 ug/ml of mustard (13) or 0.2 ug/ml (65, 66) for a
1-u1 injection can be analyzed when an electron-capture detector is
used (13), and the Vimit is perhaps ten times lower for clean systems
(13). Detection limits are somewhat higher with flame-ionization
detectors {67). Analyses at 1 part per billion are projected for
physiological samples (68). With 2-hr_bubblier sampling,analysis of
air containing as littie as 0.004 mg/m3 of mustard s reported (69).
On-line capability for a gas chromatograph with flame photometric
sulfur detection is reported as 0.3 mg/liter, with a direct-reading
instrument of ten times this sensitivity projected for the near future
(70). The latter is for a very dirty system, namely sulfur dioxide-
containing stack gases; a clean system would be easier to devise.

It has been possible to analyze for mixed mustard gas, monchydrolysis
product and thiodigliycol, using gas chromatography with a fiame foni-
zation detector, with as little as 2 ug of sampie (71).

The odor threshold described for mustard varies broadly -- 15-120
ppb in water; the variatfon is probably due to odoriferous impurities
in some samples. Dogs and rats can detect down to 0.1 pg per liter of
mustard gas in air (72).

The electronic absorption spectrum of mustard gas (73, 74) is
not particularly useful for analytical purposes since the maximum
occurs at 202 nm (almost in the vacuum ultraviolet) with a wolar
absorptivity of 4570. The infrared spectrum (75) is vseful for iden-
tifying mustard or its mixtures.

MAMMALIAN TOXICOLOGY

Hunem Exposures

Mustard gas can produce severe toxic effects by inhalation, dermal
expe.ure, or oral ingestion. It is very ifrritating to mucous mem-
branes including structures of the eye and to the skin in quite Tow
concentrations ?0001 to 0.5 mg/cm* for the skin) (3, 36). Droplets
of liquid mustard as small as 0.0025 mg cause enyﬁhema {76).

Concentrations of mustard gas_shown to cause eye injury in man
(77) are as follows: 200 mg-min/?3* produces severe to total impair-
ment of vision; 12 to 70 mg-mir/m° produces migd reddening, but with
no incapacitation. However, since 12 mg-min/m° produces mild reddening,
the no-effect 1e§el must be below this. Eight of 13 men exposed at
5 to 10 mg-min/m eghibited signs of eye irritation (78). This compares
with a 1.4 mg-min/m’ per 24 hours that showed no effects in repeated
dose animal experiments.

*Strictly, these are doses. Over a moderately short time range (minutes
to hours), the product of concentration and time yields the cited

value.
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Mustard gas can aiso cause uvevere respiratory effects and
painful skin burns with blisters in man. From military experience
and accidents the estimated median lethal dose is (42):

By inhalat-on 1,500 mg-min/m3 = 50 mg/m3 for 30 min.
By dermal exposure 10,000 mg-min/m3 = 50 mg/m3 for 200 min.

Signs of systemic toxicity are generally characterized as radiomimetic
since the gastrointestinal signs and bone marrow depression mimic
those caused by radiation poisoning (79).

Following the demonstration of mustard gas-induced neoplasia
in laboratory animals, reirospective studies in men exposed for cer-
tain to mustard during World War I have been made to establish
nossible carcinogenesis (77, 80). Early studies were equivocal but
usino British records to the end of 1952, Case and Lea cited by Hassett,
1963 {81) found higher-than-expected death rates, neoplasia of all types,
and cancer of the lung and pleura. Increases appear significant, but
not dramatic. Wada et al., 1968 (82) traced 500 workers at a mustard
gas factory 50 miles from Hiroshima, which had been closed for eight
years. Of these, 49 had died of respiratory cancer, 30 histologically
confirmed. These workers would have had repeated exposures, as com-
pared to the single or few exposures of men in World War 1. The war
gas factory case is also complicated by possible exposures to other
chemicais manufactured in the facility.

Other data relevant to the evaluation of the carcinogenic risk
of mustard gas to man has been summarized in a recent review by the
International Agency for Research on Cancer (83).

Within a year or two of its introduction in chemical warfare,
note was made that persons exposed repeatedly to small doses of
mustard gas became more sensitive to its effects with time. This
was recognized as eczematous sensitization by Sulzberger and others in
1945 and 1950 (84, 85). Atthough the animal work by McNamara (77)
failed to demonstrate sensitization in guinea pigs at the exposure
levels he used, by analogy with pofson ivy extract, sensitization of
some individuals could be expected by exposure to concentrations below
those which would be primary irritants.

Based on studigs with test animals (77), an air concentration
1imit of 0.003 mg/m° for an eight-hour workday was considergd safe
for workers in clean-up operations. A limit of 0.0001 mg/m° was
recommended for the general population (77), based on an arbitrary
thirty-fold reduction from the level cited above. In a 1973 pollution
study by TRW, Inc. for the EPA (42), a level of 3 x 10-6 mg/m3 has
been proposed. Based gn extrapolation of air inhalation tov water
ingestion, a 1.5 x 1072 mg/1 concentration limit has been recommended

for water (42).
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Experimental Animals

In a 1946 Technical Report, (11), the LCTgp's for mustard gas were measured
in various animals. The values are given in Table A-2.

TABLE A-2. LELTgg Values for Mustard Gas in Various Animal Species

LCTg Time Range
mg m1n9m3 min,
Mouse 860 - 4140 2 - 360
Rat 840 - 15312 2 - 360
Guinea Pig 1700 10
Rabbit 900 10
Cat 730 10
Dog 600 10
Goat 1900 10
Monkey 800 10

LD, values in mice, rats, rabbits, quinea pigs, dogs, and goats hy
1ntrave§8us, subcutaneous, and/or dermal routes are provided by Anslow
in a2 1946 Report (86, 87). These vary from 0.2 mg/kg intravenously in
the dog to 8.6 mg/kg in the mouse, subcutaneously from 2 in the rat to
40 in the goat, and dermally from 20 in the dog to 50 in the goat. Some
variation deperids upon the vehicle used.

McNamava, 1970 (77) proposed the following limits be placed on air
concentrations of mustard for the general population:

0.01 mg/m3 Maximum
0.00033 mg/m3 Three-hour exposure
0.00017 mg/'m3 Eight-hour exposure

0.0001 mg/m3 Indefinite to 72 hours



based upon experiments conducted in doq§, rabbits, quinea pigs, rats, and
mice exposed continuously to N.MNT mg/m° of gurified mustard. Other groups
of the same species wepe exnosed to 1.1 mg/m” for 6.5 hours, 5 days per
week, plus N.0N25 mg/m” the remaining time. Exposure times varied from
one to 52 weeks. Some rats were held up to 26 add1t§ona1 weeks before
autopsy. In the rats 9 of 79 receiving the N.1 mg/m’ exposure developed
squamous or basal cell carcinomas while none of 79 at the lower exposure
Tevel developed similar tumors. These findings were confirmed in a second
more complicated experiment where duration of exposure and holding time
after exnosure toqgether added up to 15 to 20 months.

Exposure as short as three months plus 12 months hold ‘ng resulted in
squamous or hasal cell carcinomas. Again, the Tower level produced no
tumors. Mo tumors appeared in mice simitarly exposed up to 12 months
with up to 6 months additional hoiding. Mo sensitization in quinea nigs
nor teratoqenesis, or dominant lethal effects in rats were noted. The
doqs showed adverse eye effects after 16 weeks exposure at the higher
leval, consisting of corneal opacity, pannus, keratitis, vascularization,
pigmentation, and qranulation.

Mustard in animal model systems has been shown to be carcinogenic
(77), and would probably be teratogenic at exposure Tevels slightly
above the higher one used by McHamara. Mustard gas, as well as nitrogen
mustard and other alkylating agents, has mutagenic properties. Inactiva-
tion of viruses (88), L. coli (89) and T2 bacteriophage (90) has been
described.

Other biological and animal data, including metabolism studies,
relevant to the evaluation of the carcinogenic risk of mustard gas to
man has been summarized in a recant review by the International Agency
for Research on Cancer (83).

Verv Tittle toxicological information is available on thiodiglycol.
Smvth and coworkers, 1941, determined the oral LDrn's of 60 glycols and
qlycol derivatives in rats and quinea pigs, inc1u39nc thiodialvcal, which
is listed as thiodiethylene glycol (91). Using a 10% aqueous dilution he
obtained LOgp"s of 6.A1 (A.10 - 7.1A) g/kg for rats and 3.96 (2.44 - 4.56)
g/kg for quinea piqs, along with relatively steep dose-iresponse curves.

He states that siqgns of toxicity resemble those of the qglycols. The
previcusly cited reference (86) states that thiodiglycol, unlike mustard
qas, has no effect on the cardiovascular system after intravenous injections
in rahbits or dogs, blood pressure or heart rate is not increased, and vagus
nerve {rritability is unchanged. In another report (11) thiodiglycol
salfoxide and thiodiqlycol sulfone each were fed to groups of 30 mice each
at 1919 ppm in the drinking water for ?3 days. One of 30 and zero of 30
deaths were recorded, respectively. Mustard qas is said to hydrolyze in
water quantitatively to thiodigiycol in a few hours. However, as cited
previously (26), one or more short-lived intermediates that can produce
toxic effects may be nresent for ?4 hours or so when original mustard:water
concentrattons are 1:50. As ratios apnroach 1:1000, the quantities of these
intermediates are substantially reduced.
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ENVIRONMENTAL CONSIDERATIONS

Behavior in Soil and Water

In view of its Tow solubility in water and ease of hydrolysis when
dissoclved, mustard gas cannot travel through the ground in aqueous
solution. The volatility is sufficiently high that much of the mustard

gas spread on the surface of soil or mixed with earth near the surface

is lost to the air by evaporation (3, 76, 92, 93, 94, 95, 96). “On hot
days without air motion, concentrations of up to nearly fifty times the
req?}re? goxic concentration develop [hy vapor generation from contaminated
soil]" (3).

It is doubtful that mustard gas could be transported through the
vascular systems of plants since it would almost surely undergo hydrolysis
in the process.

Mustard gas buried deep in the ground where it cannot vaporize or
undergo weathering is known to remain undecomposed for many years (29, 97,
98). Even under an immobile layer of water, it persists for long periods
(3, 29, 36). Terrain contaminated by high explesive shells with liquid
spray or gas clouds will remain vesicant for up to two weeks; the vesicant
activity decreases with exposure of the contaminated soil to rain and other
environmental conditions (97). Studies by Breazeale and co-workers (93, 94,
95, 96) relate principally to the rates of release of mustard gas by various
types of soil under varying conditions, e.g., temperature and humidity.

That work has been summarized by Epstein, et al. (29):

“Studies have been made on the vaporization of mustard [H] at 70°
to 78°F and 27% to 35% relative humidity after experimental application
to calcareous soils and on the effect of added moisture to several types
of soil under controlled conditions. Recoveries from the calcareous soils
varied from 7% to 32% when sampled for about 6 hours; when sampling was
continued until no more H vaporized (15 to 55 hours), the percentages of
the initial contamination recovered increased, varying from 12% to 66%.
Both the rate of vapor generation and the percent of mustard recovered in
the vapor state depended on the pH, moisture content, and physical constitu-
ents of the soils. Finer soils gave a lower return of vapor than did coarse,
sandy soils. Considering the effects of particulate size in a soil irrespec-
tive of the chemical components, particulates above 1 mm in diameter would
play very little part in the adsorption, and thus in the retention of an
agent such as H. Below 1-mm-diameter sizes, as the particle size decreases,
the surface area greatly increases, thereby increasing the adsorbing power
of the soil. Plots of vapor return versus moisture content go through a
maximum which varies with the type of soil. The state of the unrecovered
agent remaining in the soil was not determined." Thus, some of the mustard
may be tied up chemically by the soil, as implied by Deuel, Huber and Iberg
(99), who claimed the formation of silicate esters by reaction of montmorilio-
nite clay in which sodium had replaced exchangeable hydrogen:

w
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Clay ————— Si0 Na' + CICH,CHy-S-CHCHCT + Hy0

2

S10-CHpCHo-S-CHLCHAOH  + NaCl + HC

>

¥ (ay

Their observations were subsequently disputed by Browr, Greene-Kelly
and Norrish (100). Such clay materials as bentonite, attapulgite and
vermiculite proved unsuccessful as barriers to mustard vapor (44). How
far mustard gas can permeate porous soil is an important, unresolved
question; the answer could influence the ways in which sampling, analysis
and disposal of the agent are accompliished.

Most probably, any mustard gas that may exist at this time should
he present only as pockets of liquid, perhaps dissolved in discarded oil,
or absorbed on an inert anhydrous soil redium. Any mustard residues that
may be found in pockets of soil or trapped in structures or containers
should be removed and destroved using OSHA recommended protective gear
and procedures.

Insects:

Mutagenicity has been demonstrated in the fruit fly Drosophila (101).
? beqn heetle insectictde of N.N1% mustard gas in ether has been used
1025,

Microorganigma:

The response to sulfur mustard has been studied extensively in microor-
ganisms. Principally, these investigations utilized mustard along with
other alkylating agents to ascertain the molecular mechanisms of action
on cells. The objective was to determine the mechanism of toxic action
to the whole animal.

Herriott in 1948 (88) compared a number_of bacteria, phages, viruses
and enzymes for their sensitivity to 1 x 10-3 M mustard gas and found
that anfmal and bacterial viruses are generally inactivated at rates
similar to yveasts and bacterfa. AIl1 of the microorganisms were more
sensttive than the most sensitive enzymes tested. He also noted that
various strains of the same bacteria differed in sensitivity to contact
with inus tard.

Tarly studin. of microbial reactivity to mustard compounds were

woy forted with the molds Neurospora sp or Aspergillus sp.  Hockenhull
1117%) exaodned Aspergillus nidulans mutations atter exposure to mustard
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gas.  He studied cystine-dependent mutants derived from 640 viah'e
exposed convdia spores aqd found 68 dif ferent morphologues. Only
Somorphologues were noted in 1480 viable unexposed spores. Stevens
and Mylrotes 1942, (104) uti Hzed nutritional dependent mutants of
Neurospora crassa to determine i mustard compounds would induce
mitatlonal reversion to nutritional independence. Various nutritional
mutants had different rates of reversion to similar mustard dosage.

Stevens and Mylvote, 1953, (105) also studfed mustard mutagenicity
with Nevrospora crassa.  Yhey were able to produce & number of nutri-
tionaY mutants requiring amino acids, vitamins or other growth factors.
The mutants were induced by mustard concentrations of between 6.0 x 10~
and 5.0 x 10"9M,  They determined that various mutations could be in-
duced to revert to wild type phenotypic response by a second treatment
with mustard or ultraviolet irvradiation. Paraaminobenzoic acid and
Teucine raversions were principally by suppressor mutation or back
mutation. Leucine reversions were principally by back mutation.

More recent studies have dealt with molecular mechanisms of
attack on viable bacterial cells and viruses. In part this was because
of their simple structure and because the ease of culturing made thetir
utilization desirable.

Papirmefster, 1961, (90) studied the mechanism of Yo bacteriophage
fnactivation in yreat detadl. He observed that mustar% at Tow dosage
Tnactivates the phage when existing free or preadsorbed to susceptable
celds.  The principal effect was upon the DNA of the phage rather than
protein moities. Mustard sterilization of the host bacterial cells
allowed norma' To phage to renorduce and provide normal repiication of
viral DNA. It was observed that mustard-inactivated particles could
be reactivated itn host bacteria by multiplicity veactivation, demon-
strating that a viable genowe can be reconstituted trom its undamaged
vortions.

Papirmeister and Davison, 1965, (89) also investigated the lethality
of sulfur mustard for nutritional mutants of £. coli 15 requiring thymine,
arginine and uracil. Mustard at 1.5 to 2.0 x 10-% W inhibited DNA
synthesis. However, overnight incubation in a medium containing thymine,
arginine and uracil provided some recovery, as nnted by the production
of normal-appearing colonies. This suggests that cell damage may be
reversible. They postulated that sulfur mustard causes interstrand
crosslinks in DNA moieties.

These observations of cell repair after mustard treatment spurred
further research into possible mechanisms. Lawley and Brooks 1965, (106)
observed that the initial effect was at quanine base moietias. Utilizing
three €. coli strains, they observed that 0.31 mM mustard alkylated the
DNAS equally. They theorized that principal toxicity was prevention of
total DNA replication because of interstrand crosslinkage of difunctionally
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atkylated guanine. They observed that certain of the bacterial strains
were capable of excising the crnsslinks. Further support of the cross
linkage mechanism was provided by Yohn et al., 1965, (107) but using nitro-
gen mustard. Papirmeister and Davison, 7965, (89) concluded that E. coli

15 (tnymine, arginine and uracii-requiring) depolymerized a significant
portion of its DNA after sulfur mustard treatment. A higher rate of
mustard-bound ONA degradation than loss of normal DNA was noted., Resump-
tion of DNA replicaftion was initiated as the excision of DNA atkylatiun
products occurred. No difference in the excision of mono- and bifunction-
ally alkylated quanine base moieties was observed. Venitt, 1968, {108)
observed that E. coli B/r selectively excised di{guanin-7-y1) ethyl sulfide
from its DNA after exposure to 6 mg/ml mustard gas. A mustard-sensitive
strain Bg.y did not excise the crosslinked DNA mofeties. The mean lethal
dose for E. coli B/2 was 6.0 mg/ml mustard and 0.8 mg/ml for the B._y strain.

Papirmeister et al., 1968, {109) reviewed the protection and reversal
of lethal mustard damage in bacterial cells and virus. They stated that
the most pronounced lethal action cccurred with utilization of proliferating
entities, Non-dividir - or non-replicating organisms and viruses were less
sensitive. ODNA was the most sensitive site and the mechanism with difunctional
mustards was the selective formation of guanine interstrand crosstinks. The
excision of crosslinks was necessary for survival. This crosslinkage
required much more monofunctional mustard than bifunctional mustard. In
addition to DNA crossiinkoge, other mustard mechanisms are 1) breakage of
phosphodiester backbone of DNA, thereby sensitizing the DMA to action of
exonuclease, 2) increased hydration of the DNA around charged quaternary
nitrogen atoms during alkylation, thus interfering with phage DNA injection
in tatled species, 3? interievence by crossiinks with quaternary structure
or packaging of DNA with basic vroteins during phage maturation.

Plante

Phytotoxicity: An evaluation of 300 species of plants by Fichet (110}
indicated plant leaf tissue was susceptible to liquid mustard gas droplets.
Circular patterns of dead tissue developed where mustard droplets touched
the leaf. These spots expanded to about deoubie the drop size as the
Y{quid mustard gas dispersed through {eaf vessels., Small doses did not
ki1l plants (110). Treatment with mustard gas vapor for two hours caused
injury to young shoots on several potted flower plants (111). The leaves
wilted, shriveled and fell. However, new leaves came out on the plants
and the plants racovered. Liquid mustard gas can cause destruction of
hean root cells in 10 minutes , and mustard gas may inhibit seed germ-
ination (barley and wheat) by destroying the embryo (112). Most evidence
peints to pla.uolysis or protoplasmic contraction as a cause of leaf death
when treated with mustar-d gas (111, 113).
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Mustard gas vapor on pollen and egq cells can result in mutations
found in the new generation {103, 114) or, as in most cases, renders
the plant sterile, unable to produce seed (114). The sterility found in
corn after treatment with mustard gas is directly correlated with length
of time and mustard concentration during treatment {114). Corn pollen
exposed to saturated mustard ‘1s vapor for longer than two minutes pro-
duces essentially barren ears 114).

Treatment of dormant bariey and wheat seeds with mustard has been
shown to decrease germination of seed and aiter fertility and mutation rate
in plants grown from treated seed (115).

A biological screen for herbicidal activity of thiodigliycol at 0.1
and 1 pound per ac e has been condicted at Ft. Detrick (116). There was
no effect of thiodiglycol on any oi the plants tested {aerial application
to beans, oats, rice, soybeans, radishes and morning giories).

EXISTING STANDARDS

No tegally mandated or industrially accepted standards have been
established for mustard gas.

However, Maximum Permissible Concentrations (MPC's)* of certain: chemical
agents in water were officially stated in SOLOG agreement 125 by the
quadripartite nations (U.S., U.K., Canada and Australia). The MP( for
sulfur mustard was set at 2.0 mg/1 (117).

* MPC"s determine whether or not contaminated, raw water must be subjected
to decontamination. They are alsc used to check the finished water to be
sure that the decontamination procedure has been successful and that the
final product water is fit to drink.. i

A-18

AR S AR Y




11.

i2.

LITERATURE CITED

Peronnet, A., "The Discovery of Ypérite," J. Pharm. Chim., 23, 290-
292 (1936).

Jackson, K. E., "8,87 Dichloroethyl Sulfide (Mustard Gas)," Chem. Rev.,
15, 425-462 (1934).

Franke, S., "Manual of Military Chemistry. Volume I - Chemistry of
Chemical Warfare Agents," 114-133 and 153-163 (1967), NTIS AD 849 866.

Jackson, K. E., "The History of Mustard Gas," J. Temn. Acad. Sct.,

11, 98-106 (1936).

U.S. Army Foreign Science and Technolegy Center, "Chemical Warfare
Critical Index ?U)," 27-28, 35-36, Project 2-5, FSTC 381-2002 (1963).

Faber, £E. M. and G. E. Miller, "B-Thiodiglycol," Org. Syntheses, XII,
68-70 (1932).

Anonymous, "Mustard Gas Manufacture," Ind. Chemist, 7, 474-476 and
491-494 {1931), 8, 30-32 and 70-73 (1932).

Anonymous, “"Joint CB Technical Data Source Book (U), Volume V, Part
%ne: )Agent H," File No. DTC 71-503, iii, 2-1 to 4-4 and A-1 to B-4
1971).

Nenitzescu, C. D. and Scarlatescu, N., “Addition of Hydrogen Sulfide and
Mercaptans to Alkylene Oxides," Ber., 688 687-591 (1935); C.A., 29,
3979' (1935).

Kinnear, A. M. and J. Harley-Mason, "The Composition of Mustard Gas
Made by the Levinstein Process," J. Soc. Chem. Ind. (London), 67,
107-110 (1948).

Gates, M. and S. Moore, "Mustard Gas and Other Sulfur Mustards," In:

“Chemical Warfare Agents and Related Chemical Problems. Part I",

%umnm;y Technical Report of Division 9, NDRC, 30-58 and 664-672
1946).

Lewis, S. M., R, J. Grula and J. J. Cailahan, "Binary Method for
Generating H," EATR 4166, Department of the Army, Edgewood Arsenal,
Research taboratories, Chemical Research Laboratory, Edgewood Arsenal,
MD, (March 1968). DODC AD 829 777.

i
i

A-19

BRI



13.

14.

15.

16,

17.

18.

19.

20,

22.

23,

24,

Sass, S. and P. M. Davis, "Laboratory Studies on the Incineration of
Mustard (HD)," EATR 4516, Department of the Army, Edgewood Arsenal,
Research Laboratories, Chemical Research Laboratory, Edgewood Arsenal,
MD, (May 1971). DDC AD 834 35,

Dean, J. A. (ed.) "Lange's Handbook of Chemistry, Eleventh Edition,"
McGraw-Hi11 Book Company, inc., New York, NY (1973).

Moelwvn-Hughes, E. A., "Some Aspects of the Physical Chemistry of
?ar Gases," Permanent Records of Research and Development No. 9.311
1950).

Mumford, S. A,, J. W. C f11ips and W. C. Ball, "The Vapor Pressure
of 8,8°~Dichlorodiethy] fide," J. Chem. Soc., 589-592 (1932); C.A.,
26, 2904 (1922),

Redemann, C. E., S. W. Chaikin, R. B. Fearing, "The Volatility and
“apor Pressure of Eight 2-Chloroethy! alkyl (or Cycloalkyl) Sulfides,"
. Am. Chem. Soc., 10, 631-633 (1948).

Adams, L. H. and E. D. Williamson, "Some Physical Constants of Mustard
“Gas"," J. Wash. Acad. Sei., 9, 30-35 {1919),

Williams, A. H., "Thermal Decomposition of bis{2-Chloroethyl) sulfide,"
J. Chem. Soc., 318-320 (1947); C.A., 41, 5434h (1947).

Hopkins, E. F., "Dichlorethylsulphida (Mustard Gas). 1III. Solubility
and Hydrolysis of Dichloroethylsulphide with a New Method for Estimating
Small Amounts of the Same," J. Pharmacol., 12, 393-403 (1919).

Rubin, L., "Chemical Contamination of Water Supplies," J. New Engl.
Water Works Assoc., 56, 276-287 (1942).

Talvitie, A., "The Rate of Hydrolysis and Solubility of Mustard Gas,"
Suomen Kemistilehti, 23A, 98-108 (195n); C.A., 44, 10471g (1950).

Demek, M. M., G. T. Davis, Y. H. Dennis, Jr., A. L. Hill, R. L. Farrand,

N. P. Musselman, R. J. Mazza, W. D. Levine, D. H. Rosenblatt and J. Epstein,
“Behavior of Chemical Agents in Seawater," EATR 4417, Department of the
Army, Edgewood Arsenal, Research Laboratories, Physical Research Laboratory,
Edgewocod Arsenal, ™D, (August 1970); AD-873 242L.

Ash, A. B., A, L. Austin and T. L. Erksson, “Development of a Universal
Decontaminant for CW Agents," Final Report, Contract DA18-108-CML-5285
Wyandotte Chemicals Corporation, Wyandotte, MI, (1954).

Stein, W. H., S. Moore and M. Bergmann, "Chemical Reactions of Mustard
Gas and Related Compounds. I. The Transformations of Mustard Gas in
Water. Formation and Properties of Sulfonium Salts Derived From
Mustard Gas," J. Org. Chem., 11, 664-674 (1946).

A-20




26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Stein, W. H., "Chemical Reactions of Sulfur and Nitrogen Mustards",
In: "Chemical Warfare Agents, and Related Chemical Problems,"
Chapter 19, Summary Technical Report of Division 9, NDRC, 389-414 and
719-722 (1946).

Mohler, H. and J. Hartnagel, "Chemical War Materials XXIII. Hydrolysis
of 8,8"-Dichlorodiethyl Sulfide," Helv. Chim. Acta, 24, 564-570 (1941).

Bartlett, P. D. and C. G. Swain, "Kinetics of Hydrolysis and Displacement
Reactions of B, ~Dichloradiethyl Sulfide (Mustard Gas) and of g-Chloro-
B~hydroxydiethyl Sulfide (Mustard Chlorohydrin)," J. Am. Chem. Soec.,

71, 1406-1415 (1949).

Epstein, J., D. H. Rosenblatt, A. Gallacio and W. F. McTeague, "Summary
Report on a Data Base for Predicting Consequences of Chemical Disposal
Operations," EASP 1200-12 (1973).

Ogston, A. G., E. R, Holiday, J. St. L. Philpot and L. A. Stocken,
“The Replacement Reactions of B,8"-Dichlorodiethyl Sulphide and of
Some Analogues in Aqueous Solution: The Isolation of R-Chlovro-g~°-
hydroxy Diethyl Sulphide," Trans. Faraday Soc., 44, 45-52 (1948).

Davis, G. T., F. Block, H. Z. Sommer and J. Epstein, "Studies on the
Destruction of Toxic Agents VX and HD by the Al1-Purpose Decontaminants
DS-2 and CD-1," EATR EC-TR-75024, Chemical Laborafory, Department of
the Army, Headquarters, Edgewood Arsenal, Aberdeen Proving Ground, MD,
(May 1975).

Bales, S. H. and S. A. Nickelson, "Hydrolysis of B,8"-Dichlorodiethyl
Sulfide. Synthesis of Divinyl Sulfide and the Preparation of a Non-
Vesicant Isomeride of B,R8"-Dichloroethy! Sulfide," J. Chem. Soc.,
121, 2137-2139 (1922); C.A., 17, 61 (1923).

Bales, S. H. and S. A. Nickelson, "Hydrolysis of B,B8"~Dichloroethyl
Sulfide and Action of Hydrogen Halides on Divinyl Sulfide," J. Chen.
Soe., 123, 2486-2489 (1923); C.A., 18, 51 (1924).

Niemann, C., "Miscellaneous Analytical Studies," In: "Chemical Warfare
Agents, and Related Chemical Problems," Chapter 39, Summary Technical
Report of Division 9, NDRC, 620-628 and 769-771 (19¢3).

Holst, G., "The Reaction of bis(2~Chloroethyl} Sulfide (Also the
Oxidation Products, Sulfoxide and Sulfone) with Hypochlorite in
Pyridine - Water Solutions," Svensk. Kem. Tid., 53, 319—324 (1941).

Aleksandrov, V. N., "Otravlyayushchiuc veshchestva", Order of the Red
Banner of Labor Military Publishing House of the Ministry of Defense
USSR, Moscow 191 pp. (1969), (pages 92-112 translated by the Joint
Pubiications Research Service, JPRS 48748, 4 September 19589).

A-21




37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Wiltiams, J. W., "Decontamination”, In: “Chemical Warfare Agents,
and Related Chemical Problems," Chapter 32, Summary Technical
Report of Division 9, NDRC, 572-578 and 755-757 (1946).

Drﬁger, Heinr., "Destruction of Toxics in Industrial Establish-
ments," Drdger-Hefte, 2210-2213 (1932).

Weidner, "The Destruction of Mustard Gas," Gasschults u. Luftschultz,
5, 133 (1936); C.A., 30, 4945.

Renwanz, G., "Detoxification of Buildings Contaminated with Mustard
Gas (bis(Chloroethyl)Sulfide)", Gasmaske, 7, 1-3 (1935).

Ploetze, E., "Problem of Defense Against Chemical Warfare Agents,"
Part I Explosivstoffe, 11, 115-120 (1963); Part II

Explosivstoffe, 12, 157-163 (1964); Part Il Explosivstoffe, 12,
219-227 (1964).

Ottinger, R. J., J. L. Blumenthal, D. F. Dal Porto, G. I. Gruber.

M. J. Santy and C. C. Shih, "Recommended Methods of Reduction,
Neutralization, Recovery or Disposal of Hazardous Waste. Volume III.
Propellants, Explosives, Chemical Warfare," EPA-670/2-73-053-g, (1973).

Geiling, E. M. K., R. K. Cannan and W. Bloom, "Status Report on Toxicity
and Vesicant Tests of Compounds Referred to the University of Chicago
Toxicity Laboratory Through July 1944," OSRD No. 4176, 178-179,

Division 9, National Defense Research Committee of the Office of
Scientific Research and Development.

Fowkes, F. M., W. R. Haefele and L. B. Ryland, “Potential CW Agents.
Task 9. Decontaminants for HS for Chemical Corps Procurement Agency,"
Final Report, Contract No. CML-4564, Shell Development Company,
Emeryville, CA, (April 30, 1954).

Heald, F. D., "Manual of Plant Diseases," McGraw-Hill Book Company
Inc., New York, NY (1933).

Darlington, C. D. and P. C. Koller, "The Chemical Breakage of
Chromosomes," Heredity I, (2), 187-221 (1947).

Dragerwerk, H. and B. Drager, "Detection of bis(2-Chlcoroethyl)Sulfide
and other Thio Ethers Substituted in the Side Chain," German Patent
# 1,077,457 (March 10, 1960).

Schroter, G. A., "Method of Detection the Presence of Mustard Gas
(Yperite)," U. S. Patent # 2,054,885 (September 22, 1936).

Niemann, C., "Detection of Certain Chemical Warfare Agents," In:
“Chemical Warfare Agents, and Related Chemical Problems," Chapter 34,
Summary Technical Report of Division 9, NDRC, 581-587 and 757-762
(1946).

A-22




50.

51.

52.

53.

54,

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Kriege, 0. H., "The Mustard Detector System," Final Report, Phase II,
Seventh Report, Contract DA 18-108-AMC-115A, Westinghouse Electric
Company, (1964).

Nadalin, R. J., "Detection of Mustard Agents," Final Summary Report,
Volume I, Sixteenth Report, Contract DA 18-108-AMC-115A, Westinghouse
Electric Company, (1957).

Kratochvil, V. and J. Martinek, "New Process for the Deiection of
fperite Mustard Gas," Chem. Zvesti, 23, 382-390 (1969).

Meyer-Doring, H. H., "Detection of B,g"-Dichlorodiethyl Sulfide with
2,6-Dichlorophenol-Indoshenol,” Z. Anal. Chem., 130, 232-234 {1950).

Rieman, W., III, "Mustard Gas im Air. Sensitivity of Qualitative
Tests and a Rough Quantitative Determination," Ind. Eng. Chem., Anal.
Ed., 15, 411-412 (1943).

Allsopp, C. B., "Absorptiometric Estimation of Mustard Gas by Means
of lodoplatinate and Starch," Analyst, 15, 281-282 (1950).

Kouten, J. W., J. B. Shohan and W. F. Munn, "A compact Field Apparatus
for Determination of Lewisite or Mustard Gas," Ind. Eng. Chem., Anal.
Ed., 16, 255-256 (1944).

Riley, J. B., D. H. Rosenblatt and A. A. Kondritzer, "A Test For
2,2'-Dichlorodiethyl Sulfide,” MLRR No. 399, Chemical Corps Medical
Laboratories, Army Chemical Center, MD (September 1955).

Stanford, F, G., "Separation of Mustard Gas and Hydroxy Analogues by
Thin-layer Chromatography," Analyst, 92, 64 (1967).

Kinsey, V. E. and W. M. Grant, "Idometric Microtitration for Mustard
Gas," Ind. Eng. Chem., Anal. Ed., 18, 794-797 (1946).

Sease, J. W., T. Lee, G. Holzman, E. H. Swift and C. Niemann, "Quantitative
Methods for Certain Organic Sulfides," Anal. Chem., 20, 431-434 (1948).

Trams, E. G., "Determination of Bis(beta-chloroethyl)Amines and Related
Compounds with 8-Quinalinol," Anal. Chem., 30, 256-259 {(1958).

Morton, L. 8. and J. J. Martin, "The Colovimetric Determination of
Trace Amounts of Mustard (M, HD), Sulfur Dioxide and Nitrogen Oxides

as Effluent Gases Generated Durina Incineration", EATR 4641, Department
of the Army, Edyewood Arsenal, Chemical Laboratory, Edgewood Arsenal,
MD, (April 1972). DOC AD 894 2839L.

Koblin, A., "“Field Sampling and Analysis of Micro Quantities of
Sesqimustard in Presence of Mustard," Anal. Chem., 30, 430-432 (1958).

Purser, 8. J., D. V. Sinkinson and D. Thorp, "Modifications in the

Sampling and Analytical Techniques for Mustard Gas," Porton Technical
Paper No. 380, Porton, UK {9 Nov. 1953},

A-23

VR

s 48 A e e ot .
R A A I 2 s DR e Rt 2y
B 1 5:5\\&,}&2"&"‘,131\!‘.‘,‘;;63:, o

e A B e e e B e o ot S
AR A LAR) "-%*v-\‘?x»a;’. YR A Rt S




Casselman, A. A., N. C. C. Gibson anu R. A. B. Bannard, "A Rapid,
Sensitive, Gas-Liquid Chromatographic Method for the Analysis of

Bis (2-Chloroethyl)Suifide Collected from Air in Hydrocarbon Solvents."
J. Chromatogr., 78, 317-322 (1973).

Gibson, N. €. C., A. A, Casselman 2nd R. A. B. Barrard, “An Improved Gas-
Liquid Chromatographic Method for the Analysis of Bis{2-Chloroethyl)
Sulfide Collected from Air by Solvent Entrapment," J. Chromatogr.,

92, 162-165 (1974).

Erickson, R. L., R, N. Macnair, R. H. Brown and H. D. Hogan, "Determina-
tion of Ri: ‘Z-chloroethyl)sulfide in a Dawson Apparatus by Gas
Chromato 'raphy,” Anal. Chem., 44, 1040-1041 (1972).

Fisher, T. L., M. Jaskot, and S. Sass, "Trace Estimation and
Differentiation of Some Mustards Employing Gas-Yiquid Chromatography,"
EATR 4321, Department of the Army, Edgewood Arsenal, Research
Laboratories, Chemical Research Laboratory, Edgewood Arsenal, MD,
{July 1969).

Spivak, M. S., "Air Monitoring for Demil Programs," 73-74, In:
Hilsmeier, A. H., "Environmental Instrumentation Conference. U. S.
Army Materiel Command Held at Edgewood Arsenal, Maryland 28-29 March
1972," EASP 1800-5, Department of the Army, Edgewood Arsenal, MD,
(July 1972).

McFarlin, W. A., "Determine the Feasibility of Improving the Sensitivity
of Mustard Gas Monitors and Prototype Hardware Development," Contract
No. DAAA 15-75-C-0070, Tracor Inc., Austin, TX, (1975).

Albro, P. W. and L. Fishbein, "Gas Chromatography of Sulfur Mustard
and Its Analogs," J. Chromatogr., 46, 202-203 {1970).

Nogthrop, J. H., "Detection of Mustard Gas (H), Lewisite (L),
EtHyldichlorarsine (ED) and Phenyldichlorarsine (P2) with Trained
Dogs or Rat§." J. Gen. Physiol., 30, 475-478 (1947).

Mohler, H., "Chemical War Materials. XXIV. Determination of "Yellow
%ross; by Spectrophotometric Method," Helv. Chim. Acta., 24, 571-573
1941).

Mohler, H., "Measurements of Light Absorption by Chemical Warfare
Agents," Protar, 7, 78-85 (1941).

Thomas, L. C., "The Identification and Estimation of War Gases by
Infra-Red Spectrophotometry. Part 1. An Atlas of infra-Red Spectra of
Some Compounds of Chemical Warfare Interest," Porton Technical

Paper No. 256, Porton, U.K. (August 31, 1951).

A-24




76. Ward, D. M., N. M. Anson, P. A. Parent and E. H. Enquist, “"Sul€ur
Mustard and Analogous Compounds as Special Purpose Agents (U),*"
12-33, EASP 100-7-R1, Aberdeen Proving Ground, MD, (Nov. 1966).

77. McNamara, B. P., E. J. Owens, M. K. Christensen, F. J. Vocci, D. F.
Ford, H. Rozimarek, J. T. Weimer, R, L. Farrand, J. Crook, J.
Callahan, W. U. Thomas, C. Swentzel, R. Biskup, H. Snodgrass, W. S.
Koon, N. Musselman, J. Harvey, W. Fuhrman, S. Vickers, J. G. Huckins,
J. S. Otson, R. P, Merkey and M. Hopcus, "Toxicological Basis for
Controlling Levels of Mustard in the Envivonment," EASP EB-SP 74030,
Biomedical Laboratory, Department of the Army, Headquarters,

Edgewood Arsenal, Aberdeen Proving Ground, MD, (June 1975).

78. Reed, C. I., "The Minimum Concentration of Dichlorethylsulphide
(Mustard Gas) Effective for the Eyes of Men," J. Pharmacol.,
15, 77-80 (1920).

79. Butler, J. A. V., L. A. Gilbert and K. A. Smith, "Radiomimetic
Action of Sulfur and Nitrogen ‘'Mustards' on Deoxyribonucleic Acid,”
Nature, 165, 714-716 (1950)

80. Hassett, C. C., "Study of Long-term Human and Ecological Lffects of
Chemical Weapons Systems," CROL Special Publication 2-52,
Physiology Division, Directorate of Medical Research, U.S. Army
Chemical Research and Develepment Laboratories, Edgewood Arsenal,
MD, (April, 1963).

81, Case, R.A.M. and A. J. Lea, "Mustard Gas Pofsoning, Chronic Bronchitis,
and Lung Cancer," Brit. J. Prev. Soc. Med., 9, 62-72 (1955).

82. wada, S., Y. Nishimoto, M. Miyanishi, S. Kambe and R. W. Miller,
_Mustard Gas as a Cause of Respiratory Neoplasia in Man," The
Lancet, 1161-1163 (Sat. 1 June 1968).

83, IARC Mogographs on the "Evaluation of the Carcinegenic Risk of Chemicals
to Man," Some Aziridines, N~, S- and O-mustards and Selenium,” Vol. 9,
International Agency for Research on Cancer, Lyon (1975).

84. Sulzberger, M. B., R. L. Baer, A. L. Kanof and C. Lowenberg, “Skin
Sensitization to Vesicant Agents of Chemical Warfare", Fasciculus
on Chem. Warfare Med., 11I, 16 (1945).

85. Moore, A. M. and J. B. Rockman, "A Study of Human Hypersensitivity
to Compounds of the Mustard Gas Type", Can. J. Research, 23E,
169-176 (1950).

86. Anslow, W. P, and C. R. Houck, "Systemic Pharmacology and Pathology
of Sulfur and Nitrogen Mustards," In: Chemical Warfare Agents,
and Related Chemical Problems," Chapter 22, Summary Technical
Report of Division 9, NDRC, 440-478 and 731-737 (1946).

A-25

T e bl S ey,

oy,

! : “

seesS .
A T o SRR R R g I A SRR Ce o T A ) USRS N s S+ D EARHS 0T A N T Sl o T TR st 1 E P (e TR 1 L ab g ) Ry i S0 o v VAR QI (ST s T Ry gt S e
T R B B R e R T e R



87.

88.

a9

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Anslow, W. P., Jr., D. A, Karnofsky, B. V. Jager and H. ¥. Smith,
"The Intravenous, Subcutaneous and Cutaneous Toxicity of bis(g-
Chloroethyl)Sulfide (Mustard Gas) and of Various Derivatives,

J. Pharmacol. Exptl. Therap., 93, 1-9 {1948).

Herriott, R. M., "Inactivation of Viruses and Cells by Mustard Gas,"
J. Gen. Physiol., 32, 221-231 (1948).

Papirmeister, B. and C. L. Davison, "Unbalanced Growth and Latent
Killing of Escherichia coli following Exposure to Sulfur Mustard,"
Biochim. Biophys. Acta, 103, 70-92 (1965).

Papirmeister, B., "On the Mechanism of Inhibition of T2 Bacteriophage
by Mustard Gas," CRDL Special Publication 2-45, Clinical Research
Division, Directorate of Medical Research, U.S. Army Chemical Research
and Development Laboratories, Army Chemical Center, MD, (October 1961j.

Smyth, H. F., Jr., J. Seaton and L. Fischer, "The Singie Dose Toxicity
of Some Glycols and Cerivatives", J. Indust. Hyg. Toxicol., 23, 259-
268 (1941).

Armstrong, G. C., W. J. H. B. Wells, A, E. Wilkes, and C. H. Moulton,
"Comparative Test with Mustard Gas (H. S.), Lewisite (M-1), Methyl-
dichlorarsine (M. D.) and Methyldifluorarsine (M.D.2) in 75 mm,

Shell Fired Statically in Collaboration with Chemical Division"

CAMRD 95 (1928).

Breazeale, E. L., D. L. LaGrave and 0. D. Crandell, "The Rate of
Liberation of H & L from Some Calcareous S0ils, A Preliminary Report,"
A Memorandum Report, T. R. L. R. 24, (1944).

Ward, F. N., E. L. Breazeale and D. D. Crandell, "The E£ffect of Soil
Moisture on Liberation of H," T. R. L. R. 31, (1944).

Crandell, D. D., F. N. Ward and E. L. Breazeale, "The Effect of
Soil and Air Temperatures on the Rate of Liberation of H," T. R. L. R,
37, (1944).

Breazeale, £. L., F. N. Ward, D. 0. Crandell and C. Andrus, "The
Effect of Organic Matter Decomposition of the Liberation of H,"
T. R. L. R. 38, (1944).;

Oglesby, A., "The Decomposition of Mustard and Lewisite in Soil”
?npublished Report, Chemical Laboratories, Edgewood Arsenal, MO,
1972).

Dickey, D. M., Demil{itarization Disposal Office, Edgewood Arsenal, D,
personal communication, 29 December 1975.

PDeuel, H., G. Huber and R. Iberyg, "Organic Derivatives of Clay
Minerals," Helv. Chim. Acta, 23, 1229-1232 (1940).



100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

1no.

11,

112.

113.

114.

Brown, G., R. Greene-Kelly and K. Norrish, "Organic Derivatives of
Montmoriilonite," Nature, 163, 756-757 {1952).

Hollaender, A., "Chemical Mutagens," Volume I, Plenum Press,
New York, NY, (1971).

?arco;itch, S.. "Promising Plant Insecticides," Seience, 61, 22
1925). B

llockenhull, D., "Mustard-Gas Mutation in Aspergillus nidulans,"
Nature, 161, 100 (1948).

Stevens, C. M. and A. Mylroie, "Mutageric Activity of Compour ds
Related to Mustard Gas," Biochem. Biophys. Acta., 8, 325-321 (1952).

Stevens, C. M. and A, Mylroie, "Production and Reversion of Bio-
chemical Mutants of Neurospora crassa with Mustard Compounds,”
An. J. Botany, 40, 424-429 (1953).

Lawley, P. D. and P. Brookes, "Molecular Mechanisms of the Cytotoxic
Action of Difunctional Alkylating Agents and of Resistance to this
Action," Nature, 206, 480-483 (1965)

Kohn, K. W., N. H. Steigbigel and C. L. Spears, "Cross-Linking and
Repair of DNA in Sensitive and Resistant Strains of E. coli
Treated with Nitrogen Mustard," Proc. N.A.S., 53, 1154-T16T (1965).

Venitt, S., "Interstrand Cross-Links in the DNA of Escherichia coli
B/r and B._y and their Removal by the Resistant Strain,” Biochemical
and Biophysical Research Communications, 31, 355-360 (1968).

Papirmeister, B., C. L. Davison and C. L. Gross, "Protection and Re-
versal of Lethal Mustard Damage Resulting in Recovery of Cell
Viability," Medical Research Lahoratory, btdgewood Arsenal, MD,
(1968). AD 837 158.

Fichet, A., "Effects of Yperite on Plants,” .nll. mens. soc linndenne
Lyon, 11, 147-150 (1942).

Guérin, P. and C. Lormand, "Action of Chlorine and Various Vapors
Upon Plants,” Compt. rend., 170, 401-403 (1920).

Milovidov, P., "Influence of Yperite and Lewisite on the Plant Cell,”
Sbornik Ceskoslov. Akad. Lemddélske, 21, 12-26 (1949),

Guérin, P., “The Action of Chlorine and Certain Vapors Upon the
Higher Plants," Ann. Sci. Agron., 38, 10-19 (1921},

Gibson, P. B., R. A. Brink and M. A. Stahmann, "The Mutagenic Action
of Mustard Gas on Zea Mays," J. leredity, 41, 232-238 (1950).

A-27

'
[
¥
1




115. MacKey, J., "The Biological Action of Mustards on Dormant Seeds
of Barley and Wheat," Aeta Agr. Scand., 4, 419-429 (1954), C.A.,
49, 435a (1955).

116, Wiswesser, W, and J. R. Frank, "Ft. Detrick Screening Test for
Herbicidal Acitivity," Ft. Detrick, MD, {1975).

117. Lindtien, D. C. and R, P. Schmitt, “"Decontamination of Water Containing

Chemical Warfare Agents,” Report 2125, U.S. Army Mobility Equipment
and Development Center, Fort Belvoir, VA (January 1975), DDC AD 012630.

A-28




APPENDIX B

LEWISITE/LEWISITE OXIDE

Lewisite is quickly converted to lewisite oxide on exposure to
environmental moisture. For this reason, the two compounds are considered
together. lowisite would only be found intact im the ground or in
structures if rigorously protected from moisture. Nevertheless, lewisite
is important for the present discussion because the toxicities of Tewisite
and lewisite oxide are probably similar, and the literature deals
chiefly with the former; thus toxicity values for lewisite may be
considered as applying to lewisite oxide.

ALTERNATIVE NAMES

LEWISITE: Lewisite (Chem. Abstr. through 1961); dichloro(2-chiorovinyl)
arsine; arsine, dichlorof{2-chlorovinyl)-(Chem. Abstr. 1962-1971); arsorous
dichloride, (2-chloroethenyl)-(Chem. Abstr. after 1971).

LEWISITE OXIDE: 2-Chlorovinylarsonous acid; arsine, (2-chlorovinyl)

oxo (Chem. Abstr. 1962-1966); arsonous acid, (2-chlorovinyl); arsonous
acid, (2-chloroethenyl); 2-chloroethenearsonous acid; arsine, (2-chloro-
etheny?) 0x0; ethenearsonous acid, 2-chloro (Chem. Abstr. 1947-1961 and
ViR el Torit o 1eerlI™ 10T1), ethene, 1-arsenoso-2-chloro; ethylene, 1-

pegenrsne Tt e e Abstr, 1937-195F); ethylenearsonous acid, 2-chloro.

PHYSICAL AND CHEMICAI PROPERTIES

LEWISITE:

CAS Reg. No. 541-25-3, 50361-05-2
Defense Department Symbol: L

Toxic Substances List: (H29750
Wiswesser Line Notation: G-AS-GIUIG
Molecular formula: CoHpAsClj3
Structural formula:

H AsCl

LEWISITE OXIDE (in equilibrium with the corresponding dibasic acid):
Possible Defense Department Symbol: LO

{Not in Toxic Substances List)

Wiswesser Line Notations: OQ-AS-1U1G or Q-AS-QIUIG

Molecular formulas: CpHoASCl0 or CpHgAsC10)

Structural formulas:

1 N C)
S~ - ¢ =

or C'//
N\ N
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| lewrwtte, although known in an impure state since 1904, was first
charactertyed hy Prafessor W, tee Ltewis of Northwestern University in
P, too Tate to be emplayed as o vesicant aygent in World War 1 (1).
T wae manutactured during World War 11, stored in 1-ton containers,
hut evident Ty not joaded into munitions.

Iewinite i fovmed by the Lewis acid-catatyzed addition of arsenic
teichloride to acetylene (2, 3). Catalysts for this reaction are aluminum
chlovide (3, 4), cuprous chloride (3, 4, 3) and mercuric chloride (3, 4, 6).

atalyst
Astly bnesmon SRR 1 asCHes CHeT

Plant run lewisite i< a complex mixture containing the cis and trans
foomers ol lowisite, bis-(2-chlorovinyl)chloroarsine, tris-(2-chlorovinyl)-
arstne, and arsenic trichlovide. Mercuric chloride catalyst and metaliic
mercury derived from the mercuric chloride may also be present if that

catalyst was employed.

Etiorts were made to minimize the non-lewisite components by proper
control of the manufacturing process. Qf these components oniy bis-
(-chloravinyl )arsine has a toxicity comparable to that of lewisite,
and it is Yess volatile. The content of cis-lewisite was generally in

the order of 10% (7). and there seemed to be no need for eliminating
this component, especially since the two isomers are of similar toxicity (8).

tlucidation of the ¢is- and trans- structures required isolation
of these isomers (7). They could not be completely separated by fractional
distitlation since a good vacuum was needed to prevent decomposition.
At Yow pressures, the difference in their boiling points (which is only
26.8°C at atmospheric pressure (9)) was too small for efficient fractionation,
e.q.. only about 7-8° at 7 mm (7). The separation of the isomers was
therefore completed through their hypochlorous acid or hydrogen peroxide
aridation to the corresponding chlorovinylarsonic acids. The acids were
then purified by recrystallization and reduced with sulfur dioxide in
concentrated hydrochloric acid to form the vespective lewisite isomers
(7) once again. Vapor pressures of the isomers have been measured
accurately over a large range (9, 10, 11). The dipole moment was used
to establish the structure (12), which was also confirmed by electron
diffraction studies (13). trans-lLewisite is said to be converted to the
cis-isomer by ultraviolet light in the course of thermal decomposition
(3). or catalytically (8).

the data in Table B-2 purtains to lewisite (cis-trans mixture,
prosurably) and two related organic impurities. Infrared spectra of
lewisite and the impurities were determined by Thomas (i4).
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TABLE B-1. Physicochemical Constants of cis- and trans-2-
Chlvrovinyldichloroarsine (9).

Property cis-Isomer. trans-Isoner.

Freezing point -44 .70 -1.20
Vapor pressure {mm. Hg) at 25° 1.562 0.40

Tog p (mm. Hg) 8.4131 - 2450.2/7 48.660 ~ 13.297 leg T
-4815.3/7

b.p./760 mm. 169.8° 196.6°
Latent heat of vaporization at. 11,220 15,150
250, 12%° (cal./g.-mol.)

Ly at the b.p. 11,220 9,620
Molar b.p. depression 34.7° 45.6°
a25° 1.8598 1.8793
qt°
4 1.9018 - 0.00168t 1.9210 - 0.00167t

1.5859 1.6076

n 1.6002 - 0.000575¢ 1.6201 - 0.0050t

[RL]D, melar refraction in ml/mole 37.388 38.089

n at 259 (g./cm/-sec.) 0.0169 0.0205
log n 590/T ~ 3.751 699/T - 4.033
Dipole moment (12) in e.s.u. x 1018 2.61 2.21




TABLE B-2. Ultraviolet Absorption Parameters of Lewisite and
Related Impurities (15).

Absorption Molar

maximum (nm) absorptivity
Lewisite 214 10,000
bis-{2-Chlorovinyl)chloroarsine 209 14,000
tris-(2-Chlorovinyl)arsine 207 26,000

Lewisite is said to have a solubility of 0.5 grams per liter (16), but
this is virtually meaningless in view of its very high rate of hydrolysis.
The hydrolysis of lewisite is complex, involving several raversible
reactions {17):
fas
CICH:CH-AsClp + 2Hp0 —n- C]-CH:CH'AS(OH)Z + 2HCI

CT-CH:CH-AS(OH)p ——x Ho0 + C1-CH:CH-ASO —— (CT-CH:CH-AsO)y
STow $Tow
(geminal diol) {oxide) {polymer)

The first equilibrium (17, 18) lies on the side of the lewisite
formation above a hydrochloric acid normality of 2. There are actually
three hydrolysis products in true equilibrium with cne another; the
weakly acidic water-soluble geminal diol, the benzene-soluble oxide,
and the relatively insoluble polymer. Lewisite oxide 1s about 1% soluble
in water (17), over 2% soluble in seawater {(19), and somewhat more
soluble in slightly alkaline solution (17). The trans-gxide melts
at 82.5-84.0°, its polymer at 1400 {20). The cis-oxide melts at 107.5-108.50
and appears to be stable and not to polymerize {20). It is to be noted
(21) that lewisite hydrolyzes more ranidly than his-(2-chlorovinyl)arsine,

At higher pH levels, trans-lewisite oxide is cleaved by hyaroxyl ion
to give acetylene and inorganic arsenite; this occurs even in the cold
(7, 17, 22). Above pH 10, the reaction should be complete within a day
(17). The cis-compound must be heated to 400 to react with sodium
hydroxide solution, then giving vinyl chloride (along with acetylene,
it would seem) and inorganic arsenite (7, 8, 22).

“Nomenclature in reference (20)was confused; Bartlett's "isomer I" must
have been the trans-form, since it liberated acetylene readily in the cold (8).

B-4




Lewisite reacts with oxygen and sulfur nucleophiles to form derivatives
(17) of the types
Cl\c ) C/H
W As(OR), H

and ARG
PN ﬂ
H s (S-C-NRy),

Cyclic dithioethers are especially stable (17, 23). Lewisite also
forms reversible adducts with dioxane and thioxane.

Heating causes lewisite to disproportionate to arsenic trichloride,
tris-{2-chlorovinyl)arsine, and bis-(2-chlorovinyl)chloroarsine (22).
Chlorine reacts with anhydrous lewisite to cleave the carbon-arsenic bond,
yielding arsenic trichloride and dichloroethylene (18). Lewisite (or the oxide)
1s easily oxidized to 2-chlorovinylarsonic acid in aqueous solution by
A variety of oxidants (7, 18), including hypochlorous acid, hydrogen
peroxide, chloramines and iodine. It is also said to undergo oxidation
gradualily in fresh water (24) or seawater (19). The conclusion has been
drawn (25) that it should behave in a manner analogous to sodium arsenite
(26), which is oxidized in the soil, presumably by micro-grganisms. The
oxidized product, 2-chlorovinylarsonic acid, is said to have markedly
decreased toxicity (27) or to produce no physiological effects (3).

Lewisite applied to soil quickly volatilizes or is converted to the
still-toxic lewisite oxide may he chemical or microbiological (25, 28, 29),
which cannot, however, so easily reach the target organism, man.

Lewisite at 30 ppm (i.e., the oxide) is 98% removed from drinking
water with 600 ppm of activated charcoal, followed by coaqulation and
filtration (30).

Lewisite and its "oxide" interfere with the pyruvate oxidase system
(3, 31) probably by reaction with dihydrolipoic acid (18). The voluminous
Titerature on this subject and on British Anti-Lewisite (BAL, 2,3~
dimercapto-1-propanol) {32, 33) will not be reviewed here.

ANALYTICAL METHODS

Lawisite in water {(i.e., the oxide) has been detected by conversion to
arsine with zinc and application of some form of the Gutzeif test

(34, 35, 36, 37). This is the commonly used approach for military

water testing, with detectibility down to . my/liter, which is the required
level met by the XM 256 sampler (35). (Note: See methods for detecting
arsenic.) A second principle of detection entails treatment with base

to 1iberate acetylene, which is trapped with cuprous chloride to form a
reddish derivative (38). Lewisite and lewisite oxide react with an
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aqueous solution containing cupric ion and piperidine to give a brilliant
red color (39). A molybdenum blue test is sometimes employed for detecting
lewisite (36). Organic reagents for lewisite include the following:
y-{4-nitrobenzyl)pyridine (40); di-p~biphenylthiocarbazone (41), which is
not sufficiently specific {36); ergostercl on silicia gel (42), sensitive
to 10 micrograms; the rather specific m-dinitrobenzoyleneurea (43); the
fairly sensitive sodium p,p'-dinitrostilbene-o-o'-disulfonate (43) that

can be used to detect 30 micrograms of lewisite (43); and a number of other
polynitro compounds (43). According to Northrop (44), dogs and rats can

be trained to detect lewisite by its odor. Lewisite is said to have an
odor threshold in water (to humans) of 100-300 ppb (45). The mass spectra
of Tewisite and his-(2-chlorovinyl)chioroarsine have been determined (46).

Little attention has been paid in recent years to laboratory procedures
for the quantitative analysis of Tewisite and lewisite oxide. Thus, the
derivatization of lewisite oxide to permit extraction and gas chromatography
has been successfully attempted in only one known instance (23):

Cl H
aqueous lewisite oxide + ethanedithiol » ~C = ¢ _S-CHa
e SasT |
\S--CHZ

Based on the analogy of the hehavior of lewisite to that of arsenious
oxide (47), other approaches to gas chromatography are possible. For
example, lewisite oxide should be extractable into toluene as the diiodide
after the latter is formed with potassium jodide in 10N sulfuric acid.

t should be possible to chromatograph the diiodide. Other derivatives
of inorganic arsenic have also been formed to permit analysis by gas
chromatography (48), and these may be looked upon as models for lewisite
oxide derivatives of analytical utility.

MAMMALIAN TOXICOLOGY

Human Exposures

Lewisite is a skin-damaging warfare agent that acts not only as a contact
poison, but also as an inhalation and eye poison. The skin-damaging
effect takes place immediately. Erythemata form on the surface of the
skin with doses of about 0.05 to 0.1 mg per square centimeter of skin
surface (16). Concentrations of 0.2 mg per squave centimeter positively
iead to blister formation. Blisters on the surface of the skin are caused
by gaseous lewisite after about 15 minutes dermal exposure to concentrations
of 10 mg/1. Inhalation of concentrations of 0.05 mg/1 for 30 minutes or
0.5 mg/1 for 5 minutes is considered lethal. An inhalation exposure of
0.05 mg/1 for 15 minutes produces severe intoxication which causes an
incapacity for several weeks. A lower concentration of 0.01 mg/1 causes
inflammation of the eyes and swelling of the 1id after 15 minutes.

British Anti-Lewisite (BAL) is a specific antidote for lewisite contact
and systemic potsoning (32, 33).




Inhalation of 48 mg/m3 of lewisite for 30 minutes is fatal for man
(Prentiss, 1937 (49)). Skin absorption of 1.4 ml of lewisite (20 mg/kg)
by man results in death in 3 hours to 5 days (Soliman, 1957 (50)).

The toxicity of lewisite for man is summarized in Table B-3.

TABLE B-3. Toxicity of Lewisite for Man (51).

. Vapor Liquid
approx LCgq dose
mg min/] ng
Death (by inhalation) 1.2-1.5 (est)
Death (by body exposure) 100 (est) 2,800 (est)
Vesication of skin (bare) 1.2-1.5 {est) 0.014
Serious corneal damage 1.5 (est) 0.1 (est)

The physiolegical and toxicological properties of both lewisite vapor
and lewisite liquid as they affect the eyes, respiratory tract, skin, and
systemic systems are detailed in the review paper of Gates et al., 1946
(51), which summarizes all the published work up to that date. There
are no publications in the literature on the animal toxicology of lewisite
after 1946.

The toxicity of lewisite oxide to humans does not appear to have been
studied as such. Hewever, the oxide is itself necrosant, and it is assuned
that the arsenical residue passes into the circulation, fixes itself in
various organs, and sets up a general systemic poisoning, typical of
arsenical compounds.

A maximum permissible concentration was established by the Army
Surgeon General for inorganic arsenic, i.e., 2 mg/liter as arsenic (52),
and this has been applied also to lewisite and any other arsenicals, i.e.
2 mg/liter as arsenic (53). This is a seven-day emergency drinking water
standard (54). Note that the Army Surgeon General establisned a tolerance
level for lewisite (as arsenic), for consumption between one week and one
year, of 0.2 mg/1 (55).

Experimental Animals

The toxicity of lewisite to experimenta] animals, both by skin application
(dermal LDgg's) and vapor exposure o) has been extensively investigated.
The results of all this work up to 1942 are very adequately summarized by
Gates et al., 1946 (51). Additional data from the Toxic Substances List,
1974 (56) a) are .
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Oral LDSO rat: 50 mg/kg
Inhatation LC100 mouse: 150 mg/m3

Unpublished experiments by McCreesh and Koviak (57) indicate that the
LDgp 1n the mouse is between about 5 and 15 mg/kg depending on the
concentration (1.6% in seawater, 5.8% in PEG200)., Infilammation occurred
in eyes of rabbits with application of 0.10 ml 8f 1.0 mg/cc solution and
permanent damage was caused by 0.10 m] of 10 mm/cc.

ENVIRONMENTAL CONSIDERATIONS
Behavior in Soil and Water

It may be assumed that any lewisite that is exposed to moisture,
even that in the soil of a relatively dry region, soon converts to
lewisite oxide. Nothing is known of the long-term stability of lewisite
oxide in the soil environment. As mentioned under "PHYSICAL AND CHEMICAL
PROPERTIES," the possibility exists for oxidation of lewisite oxide in
5011 to 2-chlorovinylarsonic acid. The conversion to inorganic arsenic
takes place in alkaline solution at measurable rates. Possibly this can
also take place siowly in the soil environment at lower effective pH
levels., Since the amount of lewisite lost from soil by evaporation
was far less than that applied experimentally, 2c compared to mustard
(23), one may conclude that lewisite oxide (formed by lewisite hydrolysis)
is much more persistent in soil than mustard.

Animals

Mammals: HNo information retrieved.

Birds: No information retrieved.

Fish: Price and von Limbach (58) report the following texic doses for lewisite
in water: golden shiners, N.2 ppm; bluegills, 0.5 ppm; bass, < 2.0 ppm.
Lewisite seems to lose toxicity to fish after 50 days in water. Bauer

et al. (59) ohserved sunfish for 24 hours. None died in 6.5 anda 3.25 ppm
dilutions, but they showed signs of stress.

Tadpoles: Price and Limbach (58) also studied tadpoles. Toxicity was
noted at 0.5 ppm. Survival was prolonged with greater population dersities
than 1 or 2 animals per aquarium, i.e., 16-32 per tank.

Invertebrates: No information retrieved.

Microorganisms: No information retrieved.

Planta

?ﬁytotoxfcit : Lewisite 1s apparently phytotoxic. Immersion of bean roots

n T1quid Tewisite for 2 seconds caused destruction of the living cells (60).
Lewistte vapor is implicated in the death of vegetaticn in lewisite shell
target areas (29).

B-8

AR e B 1y ViR st T T




Food Chain

Because of its extreme phytotoxicity there would seem to be little chance
for the bioconcentration of lewisite oxide through the food chain. Animals
feeding on cother animals killed by or otherwise containing lewisite oxide
could pick up the arsenic, which concentrates in the internal organs {(61).
The problem thus becomes that of transport and dispersal of arsenic through
the ecosystem, rather than lewisite oxide, as such.

EXISTING STANDARDS

There are no standards for lewisite or lewisite oxide.
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